Analytical scanning transmission electron microscopy (STEM) has been applied to study aluminium nitride (AlN) doped with terbium (Tb) and annealed at 800
I. INTRODUCTION
In general rare-earth metal dopants 1,2 produce narrow optical emission lines almost insensitive to temperature. Hence, they find application in cathode ray tubes (CRTs), optical fibres, electroluminescence etc 3 .T bi sa very important rare-earth metal dopant in semiconductors and is used for green emission. A common application of Tb is tuning the green light component in incandescent lamps which give white light. Over the years there has been a lot of research on creating ultra-violet (UV) light emitting diodes (LEDs). In principle, AlN with a 6.2 eV bandgap should be able to give an emission at ∼200 nm, but there are difficulties to overcome to make such UV emitters commercially available. This large bandgap makes AlN an ideal matrix for rare-earth ions which typically have emission wavelengths much longer than 200 nm. AlN combines high thermal conductivity with low electrical conductivity, which makes it ideal for certain electronic applications, e.g. as heat sinks and substrates for devices with low leakage currents. The Tb−Tb ionic interactions in semiconductors can be exploited to tune the emission from green to blue 4 . While segregation of phosphorous (P) dopants in silicon can constitute a problem for electronic devices 5 , segregation of rare-earth atoms in lanthanide doped semiconductors may be beneficial: Rutherford Back-Scattering (RBS) has been used to show that erbium (Er) ions in gallium arsenide (GaAs) occupy displaced tetrahedral interstitial sites 6,7 , and there has been speculation about co-segregation with oxygen (O) and other impurities codoping of which is known to enhance the luminescence intensity in Si 14 . The concentration of Tb in our AlN sample is ∼2 at.% as estimated by inductive coupled plasma -optical emission spectroscopy (ICP-OES) and energy dispersive X-ray spectroscopy (EDXS). A high resolution analytical STEM is needed to confirm directly segregation of single atoms into small complexes.
II. EXPERIMENTAL DETAILS

A. AlN:Tb sputter deposition
The AlN:Tb films were prepared by reactive direct current (DC) magnetron sputtering on silicon (Si) (100), which was used as received. Two Al targets (150 W each) and one Tb target (14 W) were used. As a sputtering atmosphere served a mixture of 75% N and 25% argon with a total pressure of 6×10 −3 mbar. After the sputtering the films were annealed at 800
• C for 30 min under a 1 bar N atmosphere to avoid decomposition. The annealing step is required to 'activate' the Tb luminescence -the intensity increases by a factor of approximately 25 during this treatment.
B. Cathodoluminescence details
We have performed CL spectroscopy in order to observe the characteristic Tb 3+ luminescence. The narrow line-width of the Tb 3+ emission at 9 K allowed us to examine splitting into a number of sub-levels depending on the coordination symmetry of Tb 3+ (crystal field splitting). To do so we have used a Zeiss LEO DSM 982 SEM 15 (acceleration voltage: 7 kV, working distance: 4 mm) equipped with a helium-cooled cryostat. The emitted light was collected using a glass fibre which was placed on the sample. The light was analysed with a Spex monochromator (1200 l/mm grating, 250 mm blaze wavelength) and a liquid nitrogen cooled, back-illuminated UV optimized Jobin Yvon charge-coupled device (CCD).
C. STEM
Cross-sectional specimens were prepared using standard methods of cutting and gluing face-to-face two samples, grinding, polishing and low-energy argon ion milling until perforation near the centre. While thin amorphous layers may form on the specimen surfaces, structural disorder and oxidation of the surfaces may offset slightly the absolute values of but not alter significantly the crosscorrelation between elemental maps. The STEM experiments were carried out using a Nion UltraSTEM 100 equipped with a Nion HERMES monochromator, aberration corrector and Gatan Enfinium ER spectrometer for EELS 16, 17 . The microscope was operated at 60kV with 30 mrad beam convergence semi-angle. No energyselecting slit in the dispersive plane of the monochromator was used, providing 0.12 nm probe size (nominal spot size of 20i), with ∼300 pA beam current at an energy resolution better than 0.35 eV, as given by the characteristics of the cold field emitter electron gun. The collection semi-angle was >90 mrad for high-angle annular dark field (HAADF) imaging and <45 mrad with 3 mm entrance aperture for EELS. Spectra were acquired with the CCD detector in single read-out, vertical integration mode and a binning factor of 2 for fast acquisition to avoid electron beam-induced damage of the sample. This gave an effective energy dispersion of 0.7 eV/channel where the apparent width of the zero-loss peak was limited by the detector point spread function rather than the actual energy spread of the electrons. The acquisition parameters of two EELS SI are listed in Table I .
III. MODELLING
To further investigate the surroundings of Tb 3+ ions, we have performed simulations of an AlN supercell (consisting of 18 actual AlN unit cells) using the MOPAC2012 20 .S u b s e q u e n t l y ,w e have replaced an Al 3+ ion with a Tb 3+ one, three N
3-
by O 2-, and another Al 3+ by a vacancy to ensure charge neutrality. Initially we distributed these lattice defects within the supercell so that they were spaced far apart as in Fig. 1a and calculated the energy of formation of this 'random' state as our reference energy. We systematically varied the local arrangement, optimised the geometry, and compared the resulting energies of formation. We find that placing the O ions in the nearest neighbouring positions of the Tb ion leads to an energy increase of around 2.5 eV per supercell. In contrast, if the Al vacancy V Al is placed next to the Tb ion we find that the energy of formation is reduced by -1.38 eV. This reduction is likely due to the release of strain energy which is introduced by the larger atomic radius of the Tb 3+ ion compared to the Al 3+ one. Gradually coordinating the Al vacancy with more and more O anions leads to a further degrease in energy (-4.98 eV). The geometry of this hypothetical lowest energy state is shown in Fig. 1b . We denote these complexes according to the coordination of the vacancy, for instance the lowest energy one as (V Al )(O) 3 (NTb). Fig. 1c shows an overview of the energies of different V Al −N−Tb complexes considered. Probably these complexes are formed during the annealing procedure, which is necessary to 'activate' the rareearth luminescence. From the fully relaxed structure we find a reduction of the local symmetry of the Tb 3+ lattice site from T d to C 3v , corresponding to a slight change in the bond length along one direction of the coordination tetrahedron. To verify this reduction in symmetry we have recorded CL spectra of the 5 D 4 to 7 F 5 transition of the trivalent Tb ions at 9 K (see Fig. 1d ). This transition reveals a seven-fold splitting of the 7 F 5 energy level, which is consistent with the expected number of states in the case of the C 3v symmetry (for T d only four states would be expected) 21 . At room temperature, thermal broadening of the lines occurs and their emission intensity decreases, yielding more noise, however, the position of the most intense lines in the 2.2-2.3 eV range remains unaltered from which we conclude the crystal symmetry does not change at higher temperature. 
IV. STEM EELS SI
All acquired SI have a field of view of 70 nm and have been rotated through ∼90
• so that the growth direction in all maps points upwards (AlN on top of Si). A HAADF image is shown in Fig. 2a . The vertical lines in the HAADF image are artefacts due to emission current fluctuations of the cold field emitter electron gun. A relative thickness map is shown in Fig. 2b . The inelastic mean free path (λ) values in Si (substrate), AlN:Tb region and SiO 2 region at 60 kV are ≈49 nm, ≈52 nm and ≈54 nm, respectively 22 . The values of the relative thickness (t/λ) map can thus be directly related to absolute specimen thickness (t) in the range of 13−20 nm. For calculation of t/λ, the intensity of the spectra up to the minimum between zero-loss peak and plasmon peak is ap- proximated as the intensity of the zero-loss (I 0 ). Hence I 0 contains not only zero-loss intensity, but also phonon losses, some retardation andČerenkov losses etc. The total intensity (I t ) also contains inter-band transitions, plasmon losses and ionization core-losses. Hence the t/λ values calculated from eqn. 1 will always be slightly overestimated (giving a mean of t/λ =0 .32 over the whole range in Fig.2b) .
More accurate ways to measure t/λ would include fitting the bulk plasmon with a Lorentz function L(E, E p ,W p ) (eqn. 3) and the monochromated zero-loss with a Gaussian function G(E, E 0 ,W 0 ) (eqn. 4) and weighting both according to a Poisson distribution P (n, t/λ) simultaneously, as shown in eqns. 2 & 5.
where n = ⌊E max /E p ⌋∈N is the integer number of plasmon losses considered. t/λ, position (E 0 ) and full width at half maximum (FWHM) (W 0 ) of the zero-loss peak, position (E p ) and FWHM (W p ) of bulk plasmon are the fitting parameters. Eqn. 1 can be used as an initial estimate of t/λ in multiple linear least-squares (MLLS) fitting of the low loss in eqn. 5. This can be extended to the entire SI, which provides more accurate t/λ values (t/λ =0.31, R 2 =0.992). Figs. 2c & 2d are maps of E p and W p obtained from eqn. 3 where the values of the plasmon peak energy have been interpolated to sub-pixel precision (≈0.1 eV). The FWHM (W p ) of bulk plasmons (Fig. 2d ) of oxides are known to be wider than those of compound semiconductors. Elemental maps are shown in Figs. 3a-3e . The background fitting details are listed in Table III along with the integration ranges (∆). The functions used to fit the background are exponential decay (eqn. 6) or inverse power-law functions (eqn. 7).
The value of k =1 for fit type 'Exp1', and k =2 for fit types 'Exp2' and 'Pow' as indicated in Table III (Figs. 3c-3e ) appears to be inclined with respect to the horizontal by an angle of ≈4.6
• due to drift during the long time of acquisition. Due to this mismatch in the interface, the at.% values have been calculated only in the regions indicated in Fig. 3f . The apparent SiO 2 layer widths in Figs. 2d & 3d differ by 3.5 nm due to slight drift between low and high loss region SIs, but this does not prevent direct comparison of Figs. 3c-3e.
V. DISCUSSION
In case of N K and O K (Figs. 3c & 3d) , the contrast of the maps indicates anti-correlation, i.e. in the AlN region, O is replacing N (group V sub-lattice). Tb must be replacing Al in the group III sub-lattice, although the corresponding decrease in local Al contrast is too small to be clearly visible in Fig. 3a . Table V lists 
